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Abstract

Structural performance and resizing (SPAR)
finite-element thermal analysis computer program
was used in the heat transfer analysis of the
space shuttle orbiter wing subjected to reentry
aerodynamic heating, "By adding sufficient exter-
nal forced convective cooling near the end of the
heating cycle, the calculated surface temperatures
of the thermal protection system (TPS) agree
favorably with the flight data for the entire
flight profile. However, the effects of this
external forced convective cooling on the struc-
tural temperatures were found to be negligible.
Both free convection and forced convection ele-
ments were introduced to model the internal
convection effect of the cool air entering the
shuttle interior. The introduction of the inter-
nal free convection effect decreased the calcu-
lated wing lower skin temperatures by 20°F at
most, 1200 sec after touchdown, If the internal
convection is treated as forced convection, the
calculated wing lower skin temperatures-after
touchdown can be reduced to match the flight-
measured data very closely, By reducing the TPS
thicknesses to certain effective thicknesses to
account for the TPS gap heating, the calculated
wing lower skin temperatures prior to touchdown
can be raised to agree with the flight data
perfectly.

Introduction

Thermal behavior of the space shuttle orbiter
structure subjected to the reentry aerodynamic
heatings has been extensively analyzed by Ko,
Quinn, Gong, Schuster, and Gonzales.l-5 The
authors used the newly developed structural per-
formance and resizing (SPAR) finite-element
thermal analysis computer program6 to calculate
shuttle structural temperatures. The predicted
and flight-measured structural temperatures agreed
fairly well at most of the structure stations.
However, in some structural locations (such as the
wing lower skin and fuselage bottom skin), the
structural temperature predictions were unsatis-
factory for the time region after touchdown.

In the authors' earlier work,l-5 the effect
of the internal convection (free convection or
forced convection) of the aitmass inside the shut-
tle structure was neglected because the earlier
(1evel 16 version) SPAR thermal analysis program
could not handle the free convection. During the
shuttle reentry flight, the outside cool air is
allowed to enter the interior of the shuttle at
1400 sec from reentry (or at 100,000 ft altitude).
This cool airmass could cool the shuttle structure
to some degree. In addition, opening the vents at
the shuttle wing root$ prior to touchdown may
cause the interior cool air to flow, creating some
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forced convection. Neglecting the internal con-
vection effect in previous thermal analysis could
have caused the predicted structural temperatures
in the aforementioned regions to be higher than
the measured structural temperatures after touch-
down, as shown in Fig, 1.

Another cause of the discrepancies between the
predicted and the measured structural temperatures
could be the insufficient negative heating (or
forced convective cooling) near the end of the
heat input cycle used in previous thermal analysis
(see Fig. 2). More recent versions (level 25,
Aug. 1983 and level 26, May 1984) of the SPAR
thermal analysis program can handle the free con-
vection effect. Therefore, the purpose of this
report is to introduce both the free and forced
convection elements to an existing SPAR thermal
model for the shuttle wing, and to show how each
type of internal convection affects the correla-
tion between the predicted and the measured struc-
tural temperatures. Also discussed are the
effects of TPS gap heatings and of the revised
heat input with proper intensity of forced convec-
tive cooling (negative heating) near the end of
the reentry flight.

Nomenclature

Cal four-node forced convection element

C53 five-node free convection element

Cy characteristic lengths used in
computing heat transfer coeffi-
cients, in

FC GEOM SPAR computer program data set name

for computing free convection heat
transfer coefficients

h TPS thickness, in

h effective TPS thickness, in

J1 to Jg fluid nodes for free convection

JLOC joint location (or node, or grid
point)

NI SPAR index used in SPAR program

NJ SPAR index used in SPAR program

SPAR structural performance and resizing

STS-5 space transportation system,
flight &

THEOSKIN theoretical skin heating

TPS thermal protection system



Tap wing lower skin temperature calcu-
lated using 80-percent TPS thick-
ness, °F

T100 wing lower skin temperature calcu-
lated using 100-percent TPS thick-
ness, °F

Tdata flight-measured wing lower skin
temperature, °F

t time, sec

Vs fluid volumes for free convection
vo7T, V09T thermocouple identification number
WS wing segment

Yo station in y axis

Subscripts:

i index, i=1,2,3,4

Description of Problem

The discussions in this report are limited to
the thermal analysis of the wing segment WS240
shown in Fig. 3. The heat input to the therma)
model is based on the actual trajectory (repre-
sented by circle, diamond, and triangle symbols)
of space transportation system, flight 5 (STS-5)
shown in Fig., 4, The WS240 thermal model, without
the internal convection elements used in the pre-

vious thermal analysis,4 is shown in Fig. 5. The
STS-5 surface heating rates previously input to
the thermal model WS240 are presented in Fig. 2.
Notice that most of the heating curves for the

TPS surface stations have little cooling (negative
heating because of forced convective cooling) near
the ends of the heating cycles. The heating rates
shown in Fig., 2 generated agreement between the
calculated and the measured TPS surface tempera-
tures for most of the reentry profile shown in
Fig. 6. However, during a narrow time span near
touchdown point, the measured lower TPS surface
temperatures show more surface coolings. The
WS240 substructural temperatures previously cal-
culated using the STS-5 heat input are shown in
Fig. 1. For the upper skin, the predicted and the
flight-measured structural temperatures agreed
reasonably well, However, the predicted and the
measured structural temperatures for the lower
skin agreed reasonably well up to touchdown,

After that point the data and prediction compare
poorly. The measured lower skin temperatures con-
sistently show lower values. The purpose of this
study was to improve the forced convective cooling
near the end of the surface heating cycle, to
introduce the internal free or forced convection
elements to the existing WS240 thermal model (with
or without the effect of TPS gap heatings), and
finally to demonstrate how the inclusion of con-
vection effects could improve structural temper-
ature predictions.

Internal Convections

The exact nature of the airflow inside the
shuttle wing after the introduction of the exter-

nal air and after the opening of vents at the wing
root was unknown. Therefore, two types of inter-
nal convections were considered: (1) free convec-
tion and (2) forced convection.

Free Convection. - Fig. 7 shows the five-node
free-convection elements C53 introduced inside the
four bays of the WS240 thermal model. Because
there are four surfaces of different onientations
for each bay, four fluid nodes (located at the
same joint location) had to be used for generating
the C53 elements. For each bay, each fluid node
is associated with each of the four smooth sur-
faces (no corners). Temperatures of the fluid
nodes were not specified during the time period
from the initiation of reentry (t = 0 sec) to
1400 sec. Afterwards the fluid nodal temperatures
were set equal to the ambient air temperatures in
order to simulate the entering of outside cool air
into the shuttle structure at t = 1400 sec, or
100,000 ft altitude.

Figure 8 shows characteristic lengths Cj
(i=1,2,3,4), and fluid volumes Vi (i=1,2,3,4)
associated with each surface of a typical bay
used in the construction of data set called
FC GEOM (NASA CR-~159162, SPAR Thermal Analysis
Processors Reference Manual, revision {level) 26,
May 1984) in the calculations of internal free
convection heat transfer.

Forced Convection., — After opening the landing
gear doors and vents at the wing roots, external
air will enter the shuttle wing and induce convec-
tive heat transfer. In order to account for this
effect, four-node forced convection elements C4l
(replacing C53 elements) were introduced on the
interior surfaces of four bays of the WS240 ther-
mal model. The heat transfer coefficients for the
C41 elements were calculated using the effective
air flow velocities inside the four bays, listed
in Table 1.

The effective air flow velocities of Table 1
were obtained from the aeroscience section of the
shuttle prime contractor. The forced convective
heat transfer coefficients were calculated using
classic pipe flow theory.’ The natural convec-
tive heat transfer coefficient was computed by
the equations given in Ref. 8 for free convection
in enclosed plane gas layers. As will be shown,
the heat transfer coefficients of Table 1 caused
the calculated lower skin temperatures after
touchdown to be in good to excellent agreement
with the measured data.

External Forced Convection

The aerodynamic heating rates used in the
SPAR thermal analyzer were computed by a NASA com-
puter program called theoretical skin heating
(THEOSKIN). The heat transfer coefficients cal-
culated in this program were computed by the
methods described in Refs. 4 and 9. The THEOSKIN
program solves the one-dimensional thin-skin

heating equation.l0 For this equation, the ther-
mal capacity is assumed to be constant. The TPS
surface temperatures predicted by the THEOSKIN
program are very close to the actual measured sur-
face temperatures, and close to the SPAR-predicted
surface temperatures for most of the flight pro-



file. However, during the latter part of the
flight (approximately 1500 sec to end of rollout),
this program calculated surface temperatures that
were significantly lower than the measured values.
These lower temperatures occurred primarily be-
cause heat was added to the TPS surface by con-
duction from the hotter inner layers of the TPS.
Because of these lower temperatures, the THEOSKIN
program predicted unrealistic aerodynamic forced
convection heating or cooling rates, or both.

This problem was circumvented in the thermal anal-
ysis of Refs, 1 to 5 by assuming the heating rates
were zero beginning at 1500 se¢ to the end of
rollout. To improve the accuracy of the calcu-
lated heating rates, the measured TPS surface tem-
peratures were input to the THEOSKIN program for
the flight profile times of 1500 to 1900 sec, and
new heating rates were calculated (Fig. 9). These
new heating rates (between 1500 and 1900 sec)

were negative and, therefore, produced forced
convective cooling for this portion of the flight
profile.

TPS Gap Heating

In the previous thermal analysis of the space
shuttle wing, both 80- and 100-percent TPS thick-

nesses were used for the wing lower surface.4 The
80-percent TPS thickness is an effective thickness
used to approximate the effect of the TPS gap
heating. The measured wing lower skin tempera-
tures before touchdown always lie between the two
curves of wing lower skin temperatures calculated
by using 80- and 100-percent TPS thicknesses. The
use of 80-percent TPS thickness resulted in over-

estimating the wing lower skin temperatures.4

Because the boundary layer thickness increases
with the flow distance, the effect of TPS gap
heating will decrease with the flow distance.
Thus, the effective TPS thickness must vary with
the flow distance. Effective TPS thickness for
the wing lower surface may be calculated from the
following empirical equation:

- T -T
F=hl1 .-data - 7100 (1 - O.Bﬂ (1)
Tgo - T100
where
Tgo = wing lower skin temperature at time

t before touchdown, calculated by
using 80-percent TPS thickness

Ti00 = wing lower skin temperature at time
t before touchdown, calculated by
using 100-percent TPS thickness

Tgata = flight-measured wing lower skin tem-
perature at time t before touchdown

=g
"

100-percent TPS thickness

b=y}
il

effective TPS thickness

Using this equation, the effective TPS thicknesses
for the wing lower surface for WS240 (in STS-5)
were:

Bay h/h

0.939
0.952
0.95
0.97

£wWwr—

These h values were used for the case in which
internal forced convection was introduced.

Results

TPS Surface Temperatures

Figure 10 shows calculated and flight-measured
TPS surface temperatures, based on the heating
rates shown in Fig. 9. The correlation between
the calculated and the measured data is quite good
for the entire flight profile. Because sufficient
forced convective cooling was introduced prior
to touchdown (Fig. 9), the calculated TPS surface
temperature curves exhibit a satisfactory valley
before touchdown and follow the flight data
closely.

Structural Temperatures

Figure 11 shows the comparison of calculated
structural temperatures and the flight-measured
temperatures. The structural temperatures shown
by the dashed curves were calculated using
100-percent TPS thickness and using the revised
external forced convective cooling. These struc-
tural temperatures are essentially the same as the
structural temperatures calculated with little
external forced convective cooling (Fig. 1). The
structural temperatures with the introduction of
internal free convection effect (using 100-percent
TPS thickness) are shown by solid curves, and
structural temperatures with the introduction
of the internal forced convection effect (using
effective TPS thickness) is shown by long-short
dashed curves. The correlation between the calcu-
lated and the measured structural temperatures is
satisfactory for the upper skin for the entire
flight profile. The correlation was very good for
the lower skin up to touchdown, if the effective
TPS thickness is used. The effect of internal
free convection decreased the wing lower skin tem-
peratures by a maximum of 20°F at 1200 sec after
touchdown, but did not cause the lower skin tem-
perature curves to drop low enough to follow the
flight data after touchdown. For the case with
the effect of forced internal convection, the
calculated wing lower skin temperature curves
follow the measured data almost perfectly after
touchdown for bays 1, 2, and 3 and fairly good for
bay 4. This indicates that the internal convec-
tion prior to touchdown is forced convection. The
slight difference between the data and the forced
convection curve for bay 4 after touchdown may be
attributed to the thermal interaction with the
elevon structure, which was neglected in the SPAR
thermal analysis.

Conclusions

Finite-element heat transfer analysis was per-
formed on the shuttle wing segment subjected to




STS-5 reentry heating. With the introduction of
sufficient external forced convective cooling near
the end of the heating cycle, the calculated TPS
surface temperatures followed the flight data for
the entire flight profile; the correlation between
the calculated and measured TPS surface tempera-
tures became nearly perfect during the cooling
time reyion immediately prior to touchdown. How-
ever, this improved agreement had negligible
effects on the structural temperatures.

Internal free convection lowered the calculated
wing lower skin temperatures by a maximum 20°F at
1200 sec after touchdown, but did not cause calcu-
lated wing lower skin temperatures to decrease
enough to fit the flight data after touchdown.

By treating the internal convection as forced
convection, the calculated wing lower skin temper-
atures after touchdown could be lowered enough to
fit the flight data almost perfectly for bays 1,
2, and 3 and fairly good for bay 4.

Using the effective TPS thickness for the wing
lower surface to account for the TPS gap heating,
the calculated and measured wing lower skin tem-
peratures prior to touchdown agreed very well.
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Table 1. — Effective air flow velocities
and associated heat transfer coefficients
for internal forced convection

(bays 1 to 4)

Effective air

Heat transfer
coefficient,

Btu/sec-in2-°F

Time
' flow velocity,
sec ft/sec
1750 25
1850 25
2000 15
3000 0

3.30 x 10-6
4.00 x 10-6
2.73 x 10-6
0.35 x 10-6*

*0.35 x 10-6 is the heat transfer coef-
ficient for natural convection.
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Figure 1. Time histories of structural temperatures for WS240 without
internal eonmvection, STS-5 flight (ref. ¢, fig. 15).
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Figure 2. Surface heating rates at WS240 without suffi-
cient external forced convective cooling STS-5 (ref. 4,
fig. 9).
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Three-dimensional SPAR finite-element thermal model for WS240
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